A large and extensive body of data on the use of human liver S9 fractions in the Salmonella mutagenicity test (Ames test) is presented; the data were obtained from a collaborative study by JEMS/BMS (Bacterial Mutagenicity Test Study Group) members and the Human and Animal Bridging Research Organization (HAB). In this study, the mutagenicity of 58 chemicals, many of which were judged to be human carcinogens by the IARC, was determined by the Ames test (the pre-incubation method at 37 C for 20 min) in the presence of a selected human liver S9 fraction with a high drug-metabolic activity or a pooled human liver S9 fraction with a moderate drug-metabolic activity. For reference, mutagenicity was also examined in the presence of a phenobarbital/5,6-benzoflavone-pretreated rat liver S9 fraction, which is normally used in mutagenicity testing systems. The bacterial test strains consisted of Salmonella typhimurium TA100, TA98 or YG7108. The data indicated that the mutagenicity of chemicals in the rat and human liver S9 fractions varied considerably, depending on the chemicals in question. In addition, a large inter-individual diversity in the mutagenic response to mutagens, depending on the chemical structures of the mutagens, was also demonstrated using two selected human S9 fractions. Most of the mutagens tested in this study (75%; 36 out of 48 compounds that were judged to be mutagenic in at least one S9 fraction) were less mutagenic in the presence of the two human S9 fractions than in the presence of the rat S9 fraction. On the other hand, the other compounds (25%), including some aromatic amines and nitrosamines, showed a more potent mutagenicity in the presence of either one of the two human S9 fractions than in the presence of the rat S9 fraction. These data strongly suggest that the use of human liver S9 fraction in mutagenicity testing systems may be useful for a better understanding of the mutagenic effects of chemicals on humans.
A large and extensive body of data on the use of human liver S9 fractions in the Salmonella mutagenicity test (Ames test) is presented; the data were obtained from a collaborative study by JEMS/BMS (Bacterial Mutagenicity Test Study Group) members and the Human and Animal Bridging Research Organization (HAB). In this study, the mutagenicity of 58 chemicals, many of which were judged to be human carcinogens by the IARC, was determined by the Ames test (the pre-incubation method at 37 C for 20 min) in the presence of a selected human liver S9 fraction with a high drug-metabolic activity or a pooled human liver S9 fraction with a moderate drug-metabolic activity. For reference, mutagenicity was also examined in the presence of a phenobarbital/5,6-benzoflavone-pretreated rat liver S9 fraction, which is normally used in mutagenicity testing systems. The bacterial test strains consisted of Salmonella typhimurium TA100, TA98 or YG7108. The data indicated that the mutagenicity of chemicals in the rat and human liver S9 fractions varied considerably, depending on the chemicals in question. In addition, a large inter-individual diversity in the mutagenic response to mutagens, depending on the chemical structures of the mutagens, was also demonstrated using two selected human S9 fractions. Most of the mutagens tested in this study (75%; 36 out of 48 compounds that were judged to be mutagenic in at least one S9 fraction) were less mutagenic
Introduction
The Salmonella mutagenicity test (Ames test) is used worldwide as an initial screening to determine the mutagenic potential of new chemicals for hazard identification and in documents for the registration or acceptance of new chemicals by regulatory agencies (1, 2) . Many carcinogens remain inactive until they are enzymatically transformed to an electrophilic species that is capable of covalently binding to DNA leading to mutation; thus, metabolic activation is considered to be a critical step in mutation (3--6) . S9 fractions prepared from the livers of rats pretreated with phenobarbital (PB)/5,6-benzoflavone (BF) or Aroclor 1254 to induce drug metabolizing enzyme activity are very useful for mutagenicity screening systems, since they effectively bioactivate promutagens to mutagens and are also convenient and cost-effective (1, 2, 7, 8) . In addition, consistent responses to test substances may be important for regulatory decision-making.
The use of human S9 fractions in the Ames test is starting to attract attention because of recent advances in the acquisition of human materials for research in addition to the value of these human S9 fractions in evaluating mutagenicity in humans. However, available data on the mutagenicity of chemicals in the presence of human S9 fractions, particularly pooled S9 fractions prepared from multiple donor tissues, is limited (3,9--29) . One of the reasons for this limited amount of data was probably the difficulty in acquiring human materials, which were not commercially available. Another reason may be that much attention has been paid to the sensitive detection of the mutagenicity (hazard identification) of chemicals using rodent S9 fractions with a high drug-metabolic activity, such as those prepared from rats treated with PB/BF or Aroclor 1254 or from hamsters (7, 8, 30, 31) . The purpose of this collaborative study was to accumulate a large and extensive body of data on the use of human S9 fractions in the Ames test to examine the differences in the mutagenicity of chemicals in the presence of rat and human S9 fractions.
Our previous study (28) suggested that a selected human liver S9 fraction with a high drug-metabolic activity, such as the Human S9 (HLS-014) fraction (to be abbreviated as HLS-014), as well as a pooled human liver S9 fraction (to be abbreviated as pooled S9) with a moderate drug-metabolic activity may be useful in mutagenicity testing systems as a measure of evaluating inter-individual variability in mutagenic response to chemicals among humans. In a previous study, HLS-014 showed the most potent mutagenic activity to three known procarcinogens among human liver S9 fractions prepared from 18 donated liver tissues stocked in the Biomedical Research Institute. Accordingly, the same human S9 fractions (HLS-014 and pooled S9) were used in this collaborative study. A PB/BF-induced rat liver S9 fraction (to be abbreviated as rat S9) was also used as a reference. In the present study, we conducted the Ames test in the presence of each S9 fraction for 58 chemicals, many of which have been identified as human carcinogens by the IARC (IARC Monographs home page, available at http://monographs.iarc.fr/monoeval/grlist.html). Hence, the diversity in the mutagenic activities of the test compounds in the presence of human and rat S9 fractions is discussed with special attention to the chemical structures of the test compounds. The advantages and disadvantages of using human S9 fractions in mutagenicity testing systems are also discussed.
Materials and methods

Participating laboratories
The laboratories participating in this collaborative study are listed in Table I . Table II lists the name, CAS no., source and purity of the test chemicals that were used as well as the laboratory (see corresponding number in Table I) where the assay was performed.
Chemicals
Bacterial strains
The test strains used for the Ames test were TA100 (hisG46/rfa/DuvrB/ pKM101), TA98 (hisD3052/rfa/DuvrB/pKM101) or YG7108 (hisG46/rfa/ DuvrB/Dada ST /Dogt ST ). The TA100 and TA98 strains, developed by Dr B.N.Ames of the University of California, Berkeley, detect base-pair substitution mutations and frameshift mutations, respectively (1). The YG7108 strain, developed by Drs T.Nohmi and M.Yamada of the National Institute of Health Sciences, is highly sensitive to alkylating agents (32) . The characteristics of these test strains, including their susceptibility to mutagens, were confirmed prior to use in the assays in each laboratory.
Preparation of liver S9 fractions
Pooled S9 and HLS-014 were prepared according to the S9 preparation procedures with a modified re-centrifugation step (27, 29) at the Biomedical Research Institute of the Human and Animal Bridging Research Organization (HAB) in Chiba, Japan, using frozen human livers. Pooled S9 was the S9 fraction prepared from 15 different donor liver tissues (most of the donors were Caucasians), while HLS-014 was the S9 fraction prepared from a human liver that showed the highest ability to induce the mutagenicity of three procarcinogens among the 18 donor liver tissues stocked in the Biomedical Research Institute (28) . These samples were obtained from non-transplantable liver donors that, because of certain medical reason(s) such as immunological incongruence, could not be used. Liver samples were legally procured from the NDRI (National Disease Research Interchange) in Philadelphia, USA, with permission to use for research purposes only, based on the international partnership between the NDRI and HAB in Japan. Rat S9, prepared from male Sprague--Dawley rats intraperitoneally treated with PB at doses of 30 mg/kg/day (96 h before killing) and 60 mg/kg/day (24, 48 and 72 h before killing) and with BF at a dose of 80 mg/kg/day (48 h before killing), was purchased from Oriental Yeast Co., Tokyo, Japan. Analytical data for the two human and rat liver S9 fractions are shown in Table III .
Mutagenicity assay
The Ames test (the pre-incubation method at 37 C for 20 min) was conducted to examine the mutagenicity of the chemicals (1, 26, 28, 29) . Briefly, a mixture containing each test compound in 0.1 ml of dimethyl sulfoxide (DMSO), 0.1 ml of the test strain cell culture in the early stationary phase and 0.5 ml of S9 mix was incubated at 37 C for 20 min in each test tube with a shaking frequency of 120 strokes per minute. After incubation, 2 ml of 0.05 mM l-histidine/0.05 mM biotin molten top agar were added to each test tube, mixed and poured onto the surface of minimal glucose agar medium. In the case of acrylonitrile, the test chemical was removed by discarding the supernatant after centrifugation prior to combination with the top agar. The plate was incubated for~48 h at 37 C and the number of revertant colonies was counted. The Ames test using the three different S9 fractions for all the test compounds and without an S9 mix (phosphate buffer in place of the S9 mix) for several compounds was performed on the same occasion in each laboratory.
The S9 mix (0.5 ml) contained 0.05 ml of the S9 fraction and 0.45 ml of a cofactor solution (Cofactor I, Oriental Yeast Co., Ltd). The S9 mix composed of 8 mM MgCl 2 , 33 mM KCl, 5 mM glucose-6-phosphate, 4 mM NADPH, 4 mM NADH and 100 mM sodium phosphate (pH 7.4). The protein amount of each S9 fraction that was used was 1 mg/plate. Free form. b GR; manufacturers' guaranteed reagent. The purity of the crude trypan blue test article was roughly estimated 50%, although not specifically determined.
Salmonella/human S9 mutagenicity test
To validate the assay system employed in this collaborative study, a positive control (benzo[a]pyrene at 27 mg/plate for TA100) was used and the sterility of each S9 fraction was checked. The dose-finding and main assays were conducted using one plate and two plates, respectively. DMSO was used to dissolve the test and positive control articles and was also used as a negative (solvent) control.
Determination of total P450 content and cytochrome P450 activities
The total P450 content of the S9 fractions was measured using the method of Omura and Sato (33) . The cytochrome P450 activities of the S9 fractions were determined according to the method of Ikeda et al. (34) , using HPLC procedures.
Evaluation of mutagenicity
Mutagenicity was evaluated according to the so-called '2-fold' rule (2). Thus, chemicals were judged to be mutagenic if the following criteria were satisfied: (1) the maximum number of revertants was 2-fold or more relative to the negative control, (2) a dose-dependent increase in the number of revertants was observed and (3) the dose-finding and main assays produced reproducible results. If no increase in the number of revertants was observed, the chemicals were judged to have a negative result. If the 'mutagenic' and 'negative' criteria were not met, then the chemicals were judged to have exhibited an equivocal response. Mutagenic activity (equal to the number of induced revertants/mg/ plate) was calculated as a measure of mutagenicity (Table IV) . Thus, in the case of mutagenic chemicals, mutagenic activity was expressed as the greatest value of revertants per mg of test compound, as calculated from each point on the dose--response curves, presented in Figure 1 . If the chemicals showed an equivocal response and no mutagenicity, this was marked by a '6' and '0', respectively, in this text.
Results and discussion
The mutagenicity of 58 chemicals was determined using the Ames test in the presence of a human liver S9 fraction with a high metabolic activity (HLS-014), a pooled human liver S9 fraction (pooled S9) or a liver S9 fraction from a male SD rat treated with PB/BF (rat S9) at an equivalent amount of S9 protein (1 mg/plate). The Ames test was conducted at the 25 participating laboratories listed in Table I , all of which were experienced at performing the Ames test.
To validate the assay systems conducted in each laboratory, the mutagenicity of benzo[a]pyrene (BP) at a dose of 27 mg/plate (positive control) and of DMSO (negative control) was assayed in TA100 with the three S9 fractions. The assay data were as follows: the mean number of revertants per plate and the standard deviation of the data obtained from the 25 laboratories were 126 6 30 for the negative control in the presence of rat S9, 124 6 29 for the negative control in the presence of HLS-014, 130 6 29 for the negative control in the presence of pooled S9, 827 6 294 for the positive control in the presence of rat S9, 796 6 284 for the positive control in the presence of HLS-014 and 245 6 68 for the positive control in the presence of pooled S9. The variation in the assay data was regarded to be within an acceptable range and the mean values were consistent with previously reported data (28) , supporting the validity of the mutagenicity data produced by the participating laboratories.
The total P450 contents and metabolic enzyme activities of cytochrome P450s towards specific substrates for each P450 subfamily were determined in the three S9 fractions (Table III) . The total P450 amounts of rat S9 and HLS-014 were 16-and 3-fold that of pooled S9, respectively. The enzyme activities of HLS-014 were 5-fold higher (CYP1A1/2 and 3A) than or equal (CYP2E1) to those of pooled S9, while rat S9 exhibited 52-fold (CYP1A1/2) and 3-fold (P450 2E1 and P450 3A) higher enzyme activities than those of pooled S9. A possible explanation for why HLS-014 had such a high level of drugmetabolizing enzyme activity is that the donor liver had been subjected to enzyme induction by anti-asthma agents for a period of 10 years. Another possible reason is a high enzyme activity arising from genetic polymorphisms in drugmetabolizing enzymes. Figure 1 shows the dose--response curves for the mutagenicity of each chemical tested in this study and Table IV lists the mutagenic activity (equal to the number of induced revertants/mg/plate), as calculated from the dose--response curves shown in Figure 1 or taken from our previous study (28) . Further we should like to add that the S9-mediated mutation assay used in this study would be virtually dependent on the ability of the enzymes (including no phase II enzyme) requiring NADPH/NADH as a cofactor(s). Table IV and Figure 1 demonstrate the large diversity in the mutagenicity of chemicals in the presence of rat or human liver S9 fractions. The diversity was dependent on the chemical's structure, and a large diversity was observed particularly for compounds that probably require CYP1A1/2 for metabolic activation like polycyclic hydrocarbons and aromatic or heterocyclic amines (5, 6) . For example, most of the polycyclic hydrocarbons that were moderately mutagenic with the rat S9 fraction showed no mutagenicity or an equivocal response in the presence of the human S9 fractions.
For most of the test compounds that were judged to be mutagenic in the presence of either the rat or human S9 fractions (75%; 36 out of 48 compounds), the order of magnitude of the mutagenic activity of the test compounds was rat S9 > HLS-014 > pooled S9, as shown in Table IV . For the remaining compounds that were judged to be mutagenic (25%; 12 out of 48 chemicals), however, the mutagenic activity was more potent in the presence of both or either one of the human S9 fractions than in the rat S9 fraction: HLS-014 > rat S9 > pooled S9 A.Hakura et al. Although all of the aromatic nitro compounds were mutagenic without the S9 mix, except for chloramphenicol, we determined their mutagenicity in the presence of the three S9 fractions to examine the effects of these S9 fractions on the mutagenicity. The order of magnitude of the mutagenic activity of the aromatic nitro compounds was without S9 > pooled S9 5 HLS-014 > rat S9 (Table IV) . A reduction in the amount of promutagens through their detoxification, such as for hydroxylated metabolites (35, 36) , is one possible reason for the decrease in the mutagenicity seen in the presence of the human or rat S9 fractions.
Previously, we suggested that the use of both a selected human liver S9 fraction with a relatively high level of P450-catalyzed drug metabolizing enzyme activity, when compared with the activities of several available donated livers (e.g. HLS-014), and a pooled human liver S9 fraction could be used as a possible indicator to examine inter-individual variability in mutagenic response to chemicals (28) . The former and latter S9 fractions may act as indicators of mutagenic risk in humans with a high susceptibility and in humans with intermediate susceptibility to mutagens, respectively. Table IV shows that almost all the compounds tested were equally or more potently mutagenic in the presence of HLS-014 than in the presence of pooled S9. A large difference in the mutagenic activity of the chemicals in the presence of HLS-014 or pooled S9 was observed, depending upon the specific compound. In addition, negative or equivocal responses were often observed in the presence of pooled S9. If a compound exhibited a higher mutagenicity in the presence of HLS-014 than in the presence of pooled S9, this compound was considered to be characterized by large inter-individual differences in mutagenic response. These compounds included polycyclic hydrocarbons, heterocyclic hydrocarbons, aromatic amines and heterocyclic amines, which probably require CYP1A1/2 for metabolic activation (5, 6) . On the other hand, if the compounds showed equal mutagenicity in the presence of either HLS-014 or pooled S9, these compounds were regarded to be characterized by little or no inter-individual differences in mutagenic response.
No significant correlations were observed between the mutagenic activities (the number of induced revertants/mg/plate) of the chemicals induced by each S9 fraction (Table IV) and each enzyme activity of the P450 subfamily (Table III) . This finding supports the idea that the mutagenic activity of the chemicals is determined not only by the single P450 enzyme activity involved in its metabolic activation but by multiple enzymatic activation pathways or the balance between metabolic activation and detoxification (12, 25, 28) . Therefore, the use of the S9 fraction may be valuable as a convenient system for the comprehensive evaluation of mutagenicity in humans, compared with genetically engineered test strains expressing human cytochrome P450s, which may be useful for determining the contribution of each P450 subfamily to the metabolic activation or detoxification of promutagens (37--40) . The microsome fraction may also be useful as a simpler, mechanistic evaluation system (13,41--46) .
As mentioned above, a large diversity in the mutagenicity of the chemicals in the presence of the rat and human liver S9 fractions was observed. What are the reasons for this diversity? One reason is the difference in the quantity of the S9 fraction, or the different amounts of drug-metabolizing enzymes (including P450s), between the S9 fractions (Table III) . Another probable reason is the diversity in the quality of the S9 fractions; the mutagenic activity per total P450 content (induced revertants/mg/plate/total P450 content) varies between the rat and human S9 fractions by as much as 100-fold, Salmonella/human S9 mutagenicity test depending on the chemical (data to be published elsewhere). This finding also suggests that the use of human S9 fractions may be advantageous.
The mutagenicity of 3-methylcholanthrene and 3,3 0 -dichlorobenzidine HCl was determined in TA100 and TA98 strains in the presence of rat S9, HLS-014 or pooled S9 (Figure 2 ). These compounds showed a different mutagenic response to TA100 and TA98 in the presence of each S9 fraction. This finding indicates that each S9 fraction produces a different ratio of characteristic DNA damage leading to mutation in TA100 (base pair-substitution type) or TA98 (frameshift type). For example, 3,3 0 -dichlorobenzidine HCl is suggested to preferentially produce DNA injury causing frameshift mutations rather than damage causing base pair-substitution mutations in the presence of the human S9 fractions, compared with what happened in the presence of the rat S9 fraction. This observation may reflect the diversity in the amount, substrate specificity, and metabolic rate of each enzyme involved in mutagenic activation and detoxification among each S9 fraction. This additional evidence also shows the diversity in the quality of the S9 fractions, supporting the advantage of using human S9 fractions in mutagenicity testing systems.
A pure test article of trypan blue, an azo dye compound, was non-mutagenic in the presence of the human S9 and rat S9 fractions, while a crude one (manufacturers' guaranteed reagent) was mutagenic in the presence of these S9 fractions; the most potently mutagenic activity in the presence of HLS-014, the second most potently mutagenic activity was observed in the presence of pooled S9, and the most weekly mutagenic activity was observed in the presence of rat S9 (Figure 3 and Table IV ). The crude test article of trypan blue tested in this study contained some aromatic amines as impurities, and the mutagenic response of the test strain to the crude test article in the presence of the three S9 fractions was similar to that found for the aromatic amines, demonstrated in Figure 1 and Table IV. Based on these results, the mutagenicity of the crude test article of trypan blue may be due to the aromatic amines present, although a previous report has stated that the mutagenicity of Crude trypan blue (TA98) Fig. 3 . Mutagenicity of the crude and pure test articles of trypan blue. The mutagenicity of crude (a) and pure (b) trypan blue test articles towards TA98 was determined in the presence and absence of the rat S9, HLS-014 or pooled S9 fractions. The crude test article of trypan blue tested was purchased from Nacalai as a manufacturer's guaranteed reagent, and its purity was roughly estimated to be 50%, although it was not specifically determined. On the other hand, the purity of the pure trypan blue test article was 96%. The symbols open triangle (~), closed square (&), open circle (*), and closed circle (*) used in the dose--response curves indicate treatments without S9 mix, with rat S9, with HLS-014 and with pooled S9, respectively. trypan blue purchased from Eastman is, partially, most likely due to impurities such as azo compounds that require reduction (31, 47) . As previously mentioned, some mutagens including aromatic amines, were more mutagenic in the presence of the human S9 than in the presence of the rat S9 fraction. This finding is of great importance for evaluations of genotoxicity of chemicals in humans, again suggesting that the use of human S9 fractions may be advantageous.
Test compounds that were non-mutagenic in the presence of the rat S9 fraction (for example, the vinyl compounds) were also non-mutagenic in the presence of human S9 fractions. A few reports have demonstrated that some halogenated vinyl compounds, thought to be activated for mutagenicity through the epoxidation of their vinyl group (4), were less mutagenic in the presence of human S9 than in the presence of induced rat S9 (11) . Hence, vinyl compounds are unlikely to be activated by human S9 as efficiently as they are by induced rat S9 under the in vitro conditions employed.
The use of rodent S9 fractions with or without pretreatment with drug-metabolizing inducer(s) in mutagenicity testing systems is advantageous for screening programs to identify hazardous chemicals for the following reasons: (i) they effectively activate promutagens to mutagens, (ii) they are convenient, (iii) they are cost-effective and (iv) they produce relatively consistent responses to test substances, which may be important in regulatory decision-making (2) . In spite of these advantages, the use of human S9 fractions may also be rational because they reflect the human metabolic system more faithfully. In fact, numerous studies have been conducted on variations in metabolism between animals and humans (48, 49) , and human S9 or microsome fractions have been frequently used to predict the metabolism of drugs in humans in recent years. Furthermore, variations in metabolism produce quantitative and qualitative differences in mutagenicity between rat and human S9 fractions, as demonstrated in this study. Therefore, we believe that assays utilizing human S9 fractions are advantageous as in vitro human model systems to improve our understanding of the mutagenic effects of chemicals on humans. The classification of carcinogens by the IARC is presently based on weight-of-evidence supporting carcinogenicity in humans. Mutagenicity tests using human S9 fractions may become a valuable tool in this process. Human S9 is a simulated model and an aspect of human metabolism (50); hence, mutagenicity tests using human cells coupled with human S9 may be more valuable than the Ames test coupled with human S9, in terms of a more proximate in vitro human model. Human S9 fractions prepared from individual or pooled donor tissues are both commercially available from HAB and some companies (e.g. XenoTech and In Vitro Technologies). However, three important disadvantages of using human S9 must be resolved: (i) human S9 is relatively expensive, (ii) most of the human S9 fractions presently available are derived from Caucasian donors and (iii) there is no consensus on the human S9 fractions to be used as standards for evaluating mutagenicity because of the heterogeneous nature of humans (25,27--29) .
In conclusion, we strongly suggest that induced rat S9 fractions be routinely used as a first choice for hazard identification and that human S9 fractions may be used in comprehensive assessments of mutagenicity as second-tier assays. Furthermore, a conventional method that utilizes pooled S9 and a selected human S9 fraction with a potent drugmetabolizing activity may be useful for preliminary evaluations of inter-individual differences in the mutagenicity of chemicals between humans, although multiple S9 fractions would be ideal.
